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Abstract 
Through the experiments investigation on complete stress-strain of coal and the permeability of coal under different 
stress and gas pressures, the rules of permeability of coal samples under different conditions and the corresponding 
permeability evolution equation were established. The results show that the permeability of coal samples under 
certain gas and axial pressure will exponentially decrease when the confining pressure increase. The gas flow in coal 
has significant Klinkenberg effect. As the volume stress increase, the scope of Klinkenberg effect can also become 
larger. The relationship of confining pressure & permeability and gas pressure & permeability were obtained by 
fitting experimental data. Base on permeability test of complete stress-strain, we recognized that the curves between 
gas permeability and strain under different confining pressure have the similar change trends. Changes of 
permeability are closely related to the damage evolution of coal. According to the characteristics of permeability 
curves, considering the integrated effect of confining pressure, axial compression, and gas pressure, the permeability 
evolution equations of complete stress-strain was established with effective stress. 
© 2011 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of ICAE2011. 
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1. Introduction
The permeability of coal can be used to describe the gas flow resistance characteristics of coal body. It
depends largely on the bedding, fracture shape, number and connectivity of the internal situation. The 
permeability of coal generally have the following characteristics [1, 2]:1) The Inhomogeneity and 
anisotropy caused by differences in the distribution of the pores, cracks and joints within the coal; 2) In 
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the low-permeability coal seams showing a non-linear flow characteristics; 3) In addition to these inherent 
characteristics, but also by stress, gas pressure, coal structure, metamorphic grade, and temperature and 
other factors. After coal mining, the permeability of coal changes with the external environment, and the 
main Influencing factor is the stress and gas pressure. Therefore, this paper will study on the gas 
permeability of coal under different confining pressure, axial compression and gas pressure. 
2. Permeability experiments of coal 
Test equipment using coal gas seepage triaxial testing system developed by XU[3]. The test specimens 
taken from the # 8 coal seam of Datong-1coal mine, the coal belong to outburst coal bed. The coal 
specimens were produced to Φ50mm×100mm.Test gas is CH4. We imposed axial load, confining 
pressure and gas pressure hierarchically, and then obtained the permeability of coal specimen in the 
corresponding case with steady-state method. According to the stress - strain curve of coal before the test, 
the values of confining pressure and axial pressures were determined which belong to the elastic 
deformation range.  
3. Factors affecting the permeability of coal 
3.1. Effects of confining pressure on permeability of coal 
The relationship of gas permeability & confining pressure under different gas and axial pressure could 
be obtained according to experimental data. At a certain gas and axial pressure, with the confining 
pressure increases, the permeability of coal exponentially decreasing trend. The gas permeability under 
different axial pressure increase with confining pressure, and the difference became smaller and smaller. 
The gas permeability changes with confining pressure can be expressed as the following formula: 
   3e x p ( )k a b                                                                (1) 
Where, a and b are the curve fitting constant under corresponding gas and axial pressure. Fig.1 (a) is 
the fitting curve of the gas permeability and confining pressure under axial pressure 2.0MPa and different 
gas pressure. The fitting formulas were shown in Table 1.   
 
 
(a) Relationship between permeability and confining pressure     (b) Relationship between permeability and gas pressure 
Fig.1. Relationship between permeability of coal and confining pressure or gas pressure under axial pressure 2.0MPa  
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Table 1. The fitting relationship between permeability and confining pressure or gas pressure under axial stress 2.0MPa 
Confining 
pressure  
/MPa 
 
Fitting expression Correlation 
coefficient
Gas 
pressure 
/MPa 
 
Fitting expression Correlation 
coefficient 
0.3  k = 36.455exp (-0.379σ3) 0.968 2.0  k=-52.091+4.278/p+exp (0.065p+3.993) 0.998 
0.6  k = 40.095exp (-0.628σ3) 0.987 3.0  k=-40.786+3.501/p+exp (0.06p+3.668) 0.996 
0.9  k = 41.473exp (-0.714σ3) 0.994 4.0  k=-31.106+2.714/p+exp (0.059p+3.363) 0.993 
1.2  k = 64.069exp (-0.862σ3) 0.989 5.0  k=-30.926+2.449/p+exp (0.058p+3.333) 0.990 
1.4  k = 54.750exp(-0.820σ3) 0.994 6.0  k = -29.394+2.193/p+exp(0.056p+3.271) 0.986 
3.2. Effects of gas pressure on permeability of coal 
Similarly, we can analysis the effects of gas pressure on permeability of coal under different confining 
and axial pressure. Under the lower confining pressure, the permeability reaches a minimum value within 
gas pressure 1.0MPa ~ 1.2MPa. When gas pressure >1.2MPa, they appear to the increasing trend. As the 
confining pressure higher than 4.0MPa, the permeability of coal decreases exponentially trend in the test 
range. Therefore, it can be seen the gas flow in coal has significant Klinkenberg effect [4, 5]. That is, 
when the pore pressure and volume stress ratio is small, the permeability of coal decreases as the pressure 
increases. Because the gas molecular layer thickness of the pores and cracks surface in the coal body 
increases as the gas pressure increases, so as to the effective flow channel decreases, hindering the 
migration of gas molecules, resulting in reduce the permeability of coal. When the gas pressure exceeds a 
certain value, Klinkenberg effect relative to the larger pore pressure weakens, and therefore permeability 
have rebounded. Based on previous studies, Klinkenberg effect only produced in a lower ratio between 
the gas pressure and volume stress. We also can be seen from experimental data, the range of Klinkenberg 
effect will produce larger as the volume stress increases. In considering the Klinkenberg effect, according 
to equation (2) to fit the experimental data, the fitting curves were obtained shown in Fig.1 (b). 
2
1 3 4exp( )
c
k c c p c
p
    (2) 
 
 
(a) Confining pressure 2.0MPa，gas pressure 1.0MPa                     (c) Confining pressure 6.0MPa，gas pressure 1.0MPa 
Fig. 2. The complete stress-strain and permeability curves of a gas-saturated coal specimen with different conditions 
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4. Permeability evolution rules of coal in damage process 
4.1. Permeability evolution rules in the different stress and strain stages 
The foregoing permeability tests were conducted within elastic deformation stage of coal specimens. 
However, in the actual coal mining, the coal body may be damaged under the influence of mining-
induced. Therefore, we tested the permeability of coal specimens during complete stress-strain process. In 
the experiments, we added confining pressure and gas pressure to the predetermined value and then keep 
them constant in advance. After prepared, we applied axial quasi-static load until the destruction of coal 
using the loaded displacement mode, the rate for 0.02mm/min. The relationship curves between complete 
stress-strain and permeability of a gas-saturated coal specimen shown in Fig.2. 
As can be seen from Fig.2, the relationships of gas permeability & strain under different confining 
pressure have the similar change trends. The permeability changes and damage evolution of coal are 
closely related. In the initial loading and linear elastic deformation stage, the permeability shows a 
decreasing trend with the axial stress increases, and reaches a minimum value in the end of elastic stage. 
After entering the elastic-plastic stage, the internal cracks further extended and through, permeability 
increases at a certain rate. The permeability curve appears spurt when the coal specimens reach peak 
stress. The main shear band generated and slide along the cleavage surfaces at this time. Open cracks and 
the degree of connectivity to rapidly increase. In the residual stress stage, the damaged coal specimens 
appeared a certain degree compaction, then permeability increasing in exponential trend. 
4.2. Permeability evolution equation 
Analysis of experimental results indicates that the confining pressure, axial pressure and gas pressure 
will impact the permeability of coal. Therefore, we establish permeability evolution equations need to 
consider above factors. Currently, the typical stress-strain-permeability evolution equation has six types, 
as follows: negative exponential equations, Negative power-exponent equation, hyperbolic equations, 
exponential equations, logarithmic equations and orthogonal polynomials [6]. However, these equations 
take into account factors relative single and applicable condition restricted. In addition, Zhao [7] obtained 
the relationship between permeability and effective stress, pore pressure. 
2
0 1 2 3exp( )k a a a p a p                                                             (3) 
Where,  for the effective volume stress, MPa; p  for the pore pressure, MPa; 0 1 2 3, , ,a a a a for the 
fitting constant; k for the coal gas permeability, mD.  
Through experimental data analysis we learn that even in same volume stress, effects of different 
confining pressures and axial compression lead to permeability of coal significantly different. This shows 
that the effect of axial compression and confining pressure on permeability is different. In addition, the 
gases filled in the coal continue to diffuse in the mining process, so as to the gas pressure in coal is also 
changing. Pore pressure in the coal and adsorption deformation can also cause permeability changes. 
Therefore, in considering the above factors at the same time, according to the characteristics of 
permeability curve in Fig.2, the coupling equations between permeability and stress under triaxial stress 
state were established, as follows: 
0 1 1 2 3 3 4
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Where, 1  , 3  respectively for axial and radial effective stress, MPa; s , c respectively for stress of 
yield point and peak stress, MPa;  for the permeability mutation coefficient during yield to peak stress; 
 for the permeability mutation coefficient in the post-peak stage; 0 1 2 3 4, , , ,a a a a a for the coefficients.  
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Equation (4) not only take full account of the axial load, confining pressure and gas pressure on 
permeability of coal, but also to a certain extent, reflect the Klinkenberg effect in the flow process. 
Corresponding to different damage states of coal rocks, the permeability mutation coefficient are assigned 
to different values. The coefficient values of  equation (4) can be obtained by fitting the experimental data. 
5. Conclusions 
Through the experimental investigation on the permeability of coal under different stress, gas pressures, 
and complete stress-strain of coal, the rules of permeability of coal samples under different conditions and 
the corresponding permeability evolution equation were established. The conclusion is as follows： 
 (1) At a certain gas and axial pressure, the permeability of coal show exponential decreasing trend as 
confining pressure increases, it can be expressed as 3exp( )k a b .The gas flow in coal has significant 
Klinkenberg effect, and the scope of Klinkenberg effect can also become larger with volume stress 
increase. The relationship of permeability & gas pressure can be expressed as 1 2 3 4/ exp( )k c c p c p c    . 
 (2) Under complete stress-strain, the gas permeability and strain have the similar change trends. 
Permeability changes and the damage evolution of coal are closely related. According to the 
characteristics of permeability curves, the permeability evolution equations was established with effective 
stress consider the integrated effect of confining pressure, axial pressure, and gas pressure. 
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